Diatom analyses of upper Pliocene and Pleistocene sediments (~2780-290 ka age, dated according to the results of onboard calcareous nannoplankton biostratigraphic research) from the Canterbury Basin continental slope (Hole U1352B of Integrated Ocean Drilling Program Expedition 317) reveal strong warm and cold fluctuations that coincide with global benthic foraminiferal δ 18 O records, although the preservation and occurrences of diatoms were generally poor and rare, respectively, and the diatom biostratigraphic events were unknown. Moreover, abundant occurrences of diatom resting spores from ~1700 to 1100 ka indicate that eutrophication increased along the coastal region after upwelling strengthened and the nutrient supply was unstable and sporadic from 1250 to 1100 ka.
Introduction
Integrated Ocean Drilling Program (IODP) Expedition 317 cored subtidal to lower bathyal sediments of Holocene to late Eocene age (0-36 Ma) in a transect across the Canterbury Basin continental shelf and slope (Fig. F1) . Sequence stratigraphic processes influenced calcareous nannofossil and planktonic foraminiferal assemblages, and these are strongly reflected in the overall abundance, preservation, and assemblage variations in relation to lithology. These variations may have been influenced by a number of factors, including global climate, local paleoceanography, changes in sea level, and tectonic uplift along the Alpine Fault.
1. About 1.0 g of each sample was oven-dried for 2 h at 100°C, mixed with ~30 mL of hydrogen peroxide (H 2 O 2 , 10%-15%), and boiled in a 200 mL beaker to decompose sediment aggregates and oxidize organic matter. 2. After cooling, ~30 mL of hydrochloric acid (HCl, 30%) was added and boiled to dissolve calcareous material (including calcareous nannofossils and foraminifers) to concentrate the siliceous fossil material. 3. After boiling for ~5 min, the beaker was filled with distilled water and allowed to stand for 8 h. 4. After standing, the residue was separated by decanting the acid water, and the beaker was refilled with distilled water. This process was repeated five times. 5. In order to remove clay fractions, a flocculating solution (Na 4 P 2 O 7 , 0.01 N) was added to the beaker and allowed to stand for 8 h. The residue was separated by decanting the water. The beaker was filled again with sodium phosphate solution, and this process was repeated until the supernatant liquid became clear. The remaining residue contained diatoms, other siliceous fossils (e.g., silicoflagellates and radiolarians), and coarse unbroken mudstone fragments. The residues were preserved in 5 mL bottles with distilled water.
Diatom abundance is expressed as an approximate number of diatom valves per slide (18 mm × 18 mm coverslip) calculated using the length of scan lines needed to count at least 100 diatom valves. In the case where there were fewer than 100 valves, counts were stopped after covering ~320 mm 2 (i.e., whole coverslip observation). Resting spores of the shallowmarine diatom genus Chaetoceros, which have generally been neglected in diatom analyses although they indicate coastal upwelling and a high-nutrient environment, were counted separately. Diatom and spore occurrences and the presence (indicated by a "+" in Table T1 ) of silicoflagellates, radiolarians, and pollen in Hole U1352B recognized until at least 100 diatom valves were enumerated in separate scan line(s) or until ~320 mm 2 of the coverslip was scanned. The results are given in Table T1 .
For diatom biostratigraphic assignments, ages of bioevents that define or characterize certain horizons are based mainly on the diatom biochronology for the Antarctic Neogene of Cody et al. (2008) .
Light microscope observations and the photomicroscopy of diatoms and other microfossils (i.e., silicoflagellates, radiolarians, and pollen) were carried out using an Olympus BX40 light microscope with a differential interference contrast condenser at magnifications of 200× for scanning and 400× and 600× for identification and photography using a digital camera system (Olympus DP20). Scanning electron microscopy was performed using a Hitachi High-Technology SEM SU6600 at several magnifications in the Laboratory of Geobiology at Nagoya University (Japan).
Results
Detailed diatom assemblage data are given by species and sample number in Figure F2 and Table T1 . These revealed a low to high diversity, although abundances in the majority of samples containing diatoms were low with moderate to poor preservation. Several robust diatom species with thickly silicified valves (e.g., Paralia sulcata, Thalassionema nitzschioides, and Chaetoceros resting spores) were better preserved than delicate forms with weakly silicified valves. The number of diatom valves preserved in sediments depends on diatom productivity, preservation, and/or dissolution of the valves and dilution with terrigenous and/or organic materials . Although the reasons for low diatom occurrences in cores from Hole U1352B are not clear, poor preservation might result from dissolution by pore water in coarse-grained sediments (see the "Site U1352" chapter [Expedition 317 Scientists, 2011c] ).
Although the diatom occurrences are not continuous and their abundances are generally few, some slides contain common (1-10 valves/field of view [FOV] ) to few (≥1 valve/10 FOV and <1 valve/FOV) abundances. Therefore, 111 slides with better preserved and more abundant diatoms (≥50 valves, highlighted in Table T1 ) were selected to provide paleoceanographical data (Fig. F3) . After procedures to concentrate siliceous microfossils, materials including diatoms, poorly preserved silicoflagellates, radiolarians, and several types of pollen with very low abundances were also recognized in some slides (indicated by a "+" in Table T1 ).
In general, Expedition 317 age assignments relied on nannofossils for the Holocene to middle Pliocene and planktonic foraminifers for the early Pliocene to late Miocene. Both fossil groups were integral to biostratigraphic control for the middle Miocene (Fig.  F2) . Cody et al. (2008) achieved a remarkable advance in Neogene diatom biostratigraphy of the Antarctic by integrating diatom biostratigraphy, magnetostratigraphy, and tephrostratigraphy from 32 Neogene sections around the Southern Ocean and the Antarctic continental margin. The locations are concentrated around the Atlantic sector of the Southern Ocean except for those from the Dry Valley Drilling Project (DVDP), Cenozoic investigations in the western Ross Sea (CIROS), and DSDP Leg 28. Nevertheless, we have tried to use their model in order to see whether it can be applied in the case of Expedition 317 sites influenced by the Subantarctic Front in the Pacific sector.
In this study, we mainly used the age model provided by the shipboard calcareous nannoplankton biostratigraphy (see the "Methods" chapter [Expedition 317 Scientists, 2011b] Cody et al. (2008) were also recognized in this study (Fig. F2 ), but these taxa appeared sporadically above/below these levels and their reliability is uncertain.
Biostratigraphically useful diatom resting spores have been found in several studies (e.g., Suto, 2006b Suto, , 2006c Suto, , 2007 . The LO of Liradiscus var. castaneus recognized in Sample 317-U1352B-25H-3W, 25-26 cm (220.95 mbsf), from the middle Pleistocene (~0.5 Ma) corresponds to that reported from the middle Pleistocene Zone NPD 11 of Yanagisawa and Akiba (1998) at DSDP Site 436, northwestern Pacific. Therefore, this species might be a potentially useful marker for improving the resolution of diatom biostratigraphy in the North and South Pacific Oceans.
Diatom assemblages from Hole U1352B contain several ecotype diatoms that typically live in oceanic (60 species), littoral to neritic (32 species), and freshwater (7 genus-level taxa) environments, including some warm-and cold-water species (Fig. F3) . Moreover, 23 fossil resting spore morphospecies of the marine genus Chaetoceros, which is indicative of high productivity in nearshore upwelling regions and coastal areas, are also preserved (Fig. F2) .
Oceanic diatoms live in the open ocean, away from coastal influences, and are transported by wind and currents. Neritic to littoral diatoms in shallower waters are also affected by coastal processes and reduced salinity resulting from freshwater drainage from land. The oscillations of these floras are somewhat heterogeneous. The large fluctuations of oceanic and neritic to littoral species indicate that there were several transgressions and regressions at the site (Fig. F3) . Of those, stronger regressions at ~1600, 1140, and 600 ka coincide with slight peaks in landderived freshwater diatoms at these ages (Fig. F3) , although freshwater diatoms do not commonly coincide with continental detritus throughout the core. These signals of regression, however, generally coincide with the results from planktonic foraminiferal abundances (see the "Site U1352" chapter [Expedition 317 Scientists, 2010c] ). On the other hand, freshwater diatoms also peak along with increases of oceanic species that indicate transgressions at ~1300, 800, and 350 ka (Fig. F3) .
During warm periods indicated by abundant occurrences of warm-water species, oceanic species are also abundant. This synchronous fluctuation indicates transgressions took place during warm periods. On the other hand, some peaks in cold-water species are simultaneous with those of warm-water taxa. For the most part, warm-water species increase during the warm marine isotope stages (MIS) of Lisiecki and Raymo (2005; i.e., MIS 39, 37, 35, 17, 11, and 9) , but a peak in warm-water species is present during the cold period MIS 56 (Fig. F3) .
The marine diatom genus Chaetoceros is a major contributor to primary production in nearshore upwelling regions and coastal areas (Rines and Hargraves, 1988) , and its resting spores are usually taken as a measure of diatom productivity and an indicator of nutrient-rich conditions (Sancetta, 1982) . Therefore, abundant occurrences of resting spores from 1700 to 1100 ka indicate that eutrophication increased in the coastal regions after upwelling strengthened. Furthermore, resting spores are believed to increase because of an unstable and sporadic supply of nutrients from upwelling rather than seasonal upwelling conditions (Suto, 2006b) . Abrupt increases of resting spores, therefore, from 1250 to 1100 ka, during the transitional period from 41,000 to 100,000 k.y. MIS cycles, indicate that the upwelling system became unstable. In the future, we will reconstruct the past environments of marine deposition under the influence of coastal upwelling and river input by comparing the results in this paper to other paleoenvironmental analyses. Simonsen, R., 1982 Figure F1 . Map of the Canterbury Basin on the eastern margin of South Island, New Zealand. Inset map shows Expedition 317 site locations, with primary and alternate sites marked in red and yellow, respectively. 2H  3H  4H  5H  6H  7H  8H  9H  10H  11H  12H  13H  14H  15H  16H  17H  18H  19H  20H  21H  22H  23H  24H  25H  26H  27H  28H  29H  30H  31H  32H  33H  34H  35H 36H  37X  38X  39X  40X  41X  42X  43X  44X  45X  46X  47X  48X  49X  50X  51X  52X  53X  54X  55X  56X  57X  58X  59X  60X  61X  62X  63X  64X  65X  66X  67X  68X  69X  70X  71X  72X  73X  74X  75X  76X  77X  78X  79X  80X  81X  82X  83X  84X  85X  86X  87X  88X  89X  90X  91X  92X  93X  94X   0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 Figure F3 . Marine, littoral to neritic, and freshwater diatom abundances and percentages of warm-water vs. cold-water diatoms. 1H  2H  3H  4H  5H  6H  7H  8H  9H  10H  11H  12H  13H  14H  15H  16H  17H  18H  19H  20H  21H  22H  23H  24H  25H  26H  27H  28H  29H  30H  31H  32H  33H  34H 35H 36H  37X  38X  39X  40X  41X  42X  43X  44X  45X  46X  47X  48X  49X  50X  51X  52X  53X  54X  55X  56X  57X  58X  59X  60X  61X  62X  63X  64X  65X  66X 67X  68X  69X  70X  71X  72X  73X  74X  75X  76X  77X  78X  79X  80X  81X  82X  83X  84X  85X  86X  87X  88X  89X  90X  91X  92X  93X Plate P7. Light microscope images of littoral to neritic diatoms, Hole U1352B. Scale bars = 10 µm. 1-6. Diploneis bombus Ehrenberg: (1, 2) Sample 317-U1352B-67X-1W, 44-45 cm; (3, 4) Sample 66X-1W, 10-11 cm; (5, 6) Sample 22H-3W, 120-121 cm. fig. 3 ; pl. 12, fig. 2 ; Gombos (1977), p. 593, pl. 5, fig. 5; , p. 5, pl. P30, fig. 2 ; pl. P31, fig. 5 ; Arney et al. (2003) , p. 8, pl. P1, fig. 1 fig. 5 ; McCollum (1975), p. 534, pl. 16, figs. 8, 9; , p. 632, pl. 14, fig. 7 ; Fenner et al. (1976), p. 774, pl. 5, figs. 7-9; fig. 6 ; pl. 4, figs. 1-3; pl. 5, figs. 7-17; Gersonde and Burckle (1990), p. 780, pl. 1, figs. 11-13; Baldauf and Barron (1991), p. 589, pl. 7, fig. 14; Harwood and Maruyama (1992), p. 704, pl. 17, figs. 27, 28. Remarks: This extinct species is endemic to the Southern Ocean (Gersonde, 1991 Gersonde and Burckle (1990), p. 780, pl. 1, fig. 27; Baldauf and Barron (1991), p. 589, pl. 7, fig. 10; Iwai and Winter (2002), p. 8, pl. P2, figs. 5, 6 .
Remarks: Fragilariopsis cylindrica seems to be an indicator of warm waters because Barron (1985) indicated that this species is a low-latitude species and is rare in middlelatitude sediments.
Fragilariopsis doliolus (Wallich) fig. 22 ; Fenner et al. (1976), p. 778, pl. 14, fig. 12 .
Remarks: This species is one of the most common planktonic species in subtropical to tropical areas .
Thalassiosira inura Gersonde (1991), p. 151, pl. 6, figs. 7-14; pl. 8, figs. 1-6; Baldauf and Barron (1991), p. 591, pl. 6, fig. 9; Harwood and Maruyama (1992), p. 707, pl. 5, fig. 14; pl. 14, figs. 12-16; Harwood et al. (2000), p. 460, fig. 7b; Censarek and Gersonde (2002), p. 353, pl. 4, figs. 11, 12; Iwai and Winter (2002), p. 12, pl. P12, figs. 2, 3; pl. P26, figs. 8, 9; pl. P27, fig. 3; Zielinski and Gersonde (2002), p. 264, pl. 5, figs. 12, 13 (no illustrations) .
Thalassiosira lentiginosa (Janisch in Schmidt) Fryxell (1977), p. 103, figs. 13a-13d, 14a-14d; Harwood and Maruyama (1992), p. 707, pl. 19, fig. 15; , p. 13, pl. P20, figs. 1, 4; pl. P24, fig. 4 fig. 11 ; , p. 527, pl. 5, fig.  1 ; Fenner et al. (1976), p. 773, pl. 7, figs. 4-6; Gombos (1977), p. 593, pl. 3, figs. 4, 5. Remarks: This species is characteristic of the Antarctic region and is also widespread in subantarctic waters, although small numbers were found in the subtropical assemblage .
